ABSTRACT: Complication rates following total elbow replacement (TER) with conventional implants are relatively high due to mechanical failure involving the UHMWPE bushings. Unfortunately, there are no standardized pre-clinical durability testing protocols for assessing the durability of TER components. This study examines the damage observed on retrieved humeral bushings, and then uses in vitro durability testing with two different loading protocols to compare resulting damage. Damage on 25 pairs of retrieved humeral bushings was characterized using micro-computed tomographic imaging techniques. The damage was compared with that of in vitro test specimens which were subjected to 200 K cycles of either high joint reaction force (high JRF) or high varus moment (high VM) loading. Material removal (mass loss) from bushing components was measured using gravimetric techniques. Thinning was less for retrieved bushings which were still assembled in their humeral component, versus bushings which were loose (0.3 AE 0.3 mm vs. 0.6 AE 0.3 mm, p ¼ 0.02). Comparing in vitro test specimens, thinning due to high VM loading was 0.9 AE 0.3 mm, versus 0.2 AE 0.0 mm for high JRF loading (p ¼ 0.08); however, the actual material removal rates from the humeral bushings were not different between the two protocols (48 AE 5 mm 
Semi-constrained linked total elbow replacement (TER) is considered a successful procedure for restoring motion, improving function, and alleviating pain for a wide range of indications, including distal humeral nonunion, instability, ankylosis, established arthritis, and acute intra-articular comminuted fracture in selected older patients. 1 These prostheses employ a hinge-type linkage between the humeral and ulnar components, which allows them to be used in the presence of significant bone or ligamentous deficiencies. 2 Unfortunately, the complication rates associated with TER are relatively high, particularly the mechanical failure rate for patients with posttraumatic osteoarthritis. 3 For example, a 15-year survivorship of 73.7% for mechanical failures has been reported for a widely used semi-constrained linked TER design. 3 Durability issues persist at the ultra-high molecular weight polyethylene (UHMWPE) bushings, 1,4-9 and thinning due to large plastic deformations and wear mechanisms can lead to unintended metal-on-metal contact. [4] [5] [6] UHMWPE and metal debris particles have been shown to cause periprosthetic osteolysis, which often leads to aseptic loosening. 4, 10 Appropriate pre-clinical testing of TER is vital to ensuring future TER designs address these durability concerns; however, there exists no standardized pre-clinical durability testing protocols for TER prostheses. Kincaid and An 11 published elbow biomechanics data which may serve as a foundation for clinically relevant pre-clinical testing protocols for TER implants using joint motion simulators; however, few studies have reported outcomes of durability tests based on their data. 12, 13 Furthermore, the effects of infrequent but higherdemand elbow loading scenarios (such as sit-tostand 14 ) are unknown. Thus, there is a need for additional testing to elucidate how loading protocols effect resulting implant damage, and comparison of in vitro implant damage patterns with those of clinical retrievals.
The objectives of this paper are twofold: (i) to examine damage patterns within a set of retrieved TER implant bushings and (ii) to compare retrieval damage patterns with those resulting from in vitro TER durability testing using two different loading protocols. We hypothesize that implant damage patterns will be sensitive to the loading protocol employed, and multiple loading protocols may be required to match the spectrum of damage patterns observed on retrievals.
and one ulnar bushing, manufactured from conventional ultra-high molecular weight polyethylene (GUR-1050 UHMWPE, gamma-irradiation sterilized). During normal articulation of this implant, CoCrMo-UHMWPE (snap pin vs. bushings), Ti6Al4V-UHMWPE (humeral bushings vs. ulnar component), and UHMWPE-UHMWPE (ulnar bushing vs. humeral bushings) sliding contact can occur.
In vitro testing and damage analysis was performed on six pristine size-small Coonrad-Morrey bushing sets, for comparison of observed damage patterns with those on retrieved implant components collected as part of the Hospital for Special Surgery retrieval program. Only humeral bushings were compared in this study, due to the low numbers of ulnar bushings present in the retrieval collection. The collection included a total of 25 complete humeral bushing sets (each humeral implant of this TER system has two identical humeral bushings), and six incompletes which were excluded. Of the 25 pairs, only 15 were assembled within a humeral component. The remaining 10 were detached, such that identification of the medial versus lateral bushing was not possible. Patient gender and age at revision were known for all but two bushing sets. Length of implantation (LOI) and cause for revision were only available for 10 bushing sets (five assembled, five detached). Body mass index (BMI) was calculated based on weight and height, which were available for 11 bushing sets (six assembled, five detached). These data are summarized in Table 1 . The differences in the available demographics data for the assembled and detached bushings groups were not clinically significant, and t-tests revealed no statistically significant differences. Indications for primary TER were not available. Primary reasons for revision were pain (3), osteoarthritis (1), aseptic loosening (3), and infection with or without loosening (3).
Testing Protocol Fixture Configuration
Humeral and ulnar stem components were potted into custom mounting fixtures of a six degree-of-freedom joint testing apparatus (VIVO, AMTI, Waltham, MA) using poly methyl-methacrylate. Care was taken to align the humeral component as closely as possible with the mechanical flexion-extension and varus-valgus axes of the apparatus (Fig. 1) . The ulnar component was potted after the humeral component was secured, and connected to the humeral component with a pin during potting to help ensure neutral varus-valgus and internal-external rotational alignment of the stem components. The same humeral and ulnar stem components were re-used during testing of each bushing, eliminating implant positioning variability effects. Stem components were carefully inspected between tests for any signs of stem abrasion, damage, or loosening.
High JRF Load/Motion Waveform Loads and motions for TER preclinical evaluation were previously proposed by Kincaid and An. 11 Their study did not prescribe an exact magnitude for applied loading, but a general pattern for joint reaction force (JRF) and JRF angle, both as a function of weight-in-hand (WIH) and flexion angle. Results presented by Varadarajan et al. 13 using a similar loading pattern indicated that the 200 K cycle run-out load for this implant occurred with a maximum joint reaction force (JRF) of 1,511 N (10.2 kg WIH) and a sinusoidal AE4.9 Nm varus-valgus (VV) moment, during cyclical flexionextension from 0˚to 130˚. Higher loading than this induced component failure (including snap-pin failure) before 200 K cycles. Popoola et al. 12 used a similar loading profile, but a maximum JRF of 840 N (5.5 kg WIH) and a constant 4.5v arus malalignment, during cyclical flexion-extension from 0˚to 85˚.
This general loading pattern was adapted for the current study with some modifications necessary to accommodate flexion range-of-motion and JRF limitations of the test apparatus in the elbow configuration, and to avoid premature snap-pin failure which was not a focus of this study on bushing durability. Thus, the High JRF loading protocol featured 20-120 degrees of flexion, a sagittal plane JRF reaching approximately 1250 N ($8.4 kg WIH), and a 5 Nm varus-valgus moment which alternated every flexionextension (F-E) cycle (Fig. 2) . The JRF angle with respect to the humerus was consistent with the pattern described by Kincaid and An.
11 A medial-lateral force was coupled with the pure VV moment, based on visual interpretation of how VV loads were applied by Varadarajan et al. 
High Varus Moment Load/Motion Waveform
Loads at the elbow during sit-to-stand were previously calculated using a patient-specific biomechanical model and measured external loads. 14 The raw loading data for a single subject in that study, which featured a low JRF but high varus moment, was adapted to our study. This High VM loading protocol also featured 20-120 degrees of flexion due to test apparatus limitations, up to $275 N of compressive loading and a large varus moment (up to $12 Nm) applied during elbow extension (Fig. 2) . The JRF angles and mediallateral forces were also prescribed based on biomechanical model results (Fig. 2) .
Testing Duration and Frequency
Davis 15 previously estimated up to 1,400 elbow flexionextension cycles per day ($500 K cycles/year) during nominal ADL with some WIH, and approximately 20 cycles per day ($7,300 cycles/year) of ADL involving significant (>4.5 kg) WIH. Varadarajan et al. 13 performed TER testing simulating significant WIH (10.2 kg) at 0.7 Hz for 200 K cycles. Popoola et al. 12 performed TER testing with a smaller WIH (5.5 kg) at 1 Hz for 3M cycles. In the current study, half of the implants were subjected to the High JRF protocol for 200 K cycles at 0.7 Hz. A study by Bohannon 16 reported approximately 45 sit-to-stand activities per day for adults. The High VM protocol which also included 200 K cycles (at 0.5 Hz, based on the 1 s elbow extension time measured during sitto-stand experiments), therefore represented approximately 12 years of normal sit-to-stand loading.
Durability Testing
Three sets of bushings were tested per the High JRF loading protocol. Three different sets of bushings were tested per the High VM loading protocol. The varus-valgus (VV) laxities of the prostheses were sampled every 1 Â 10 4 cycles. In the case of the High VM tests, this was achieved by briefly performing 150 cycles under High JRF loading, such that VV laxity data were sampled under identical conditions (a AE5 Nm moment). All tests were performed with implants submerged in a recirculating bath of 37˚C 25% bovine calf serum solution (approximately 17 g/L final protein concentration). 17 After testing, implant bushing components were cleaned and weighed per existing standards for total hip implants 18 and analyzed using mCT methods in the same manner as described below for retrieved bushings. Mass loss due to material removal (w) was measured by comparing post-experiment bushing masses to values which had been recorded just prior to testing (after 1 week of unloaded pre-soaking in bovine serum solution). Soak control specimens were not used, because preliminary tests indicated that the effect of fluid absorption on mass change beyond a 1 week pre-soak was negligible for these components.
Retrieval Analysis mCT Imaging Protocol
Each bushing (including retrievals and in vitro test specimens) was imaged using a mCT scanner (Phoenix Nanomex, GE Measurement & Control, Boston, MA). Each bushing was scanned at 120 KVA and 80 uA in a series of 1000 images with <60 mm pixels in the DICOM file format.
3D Reconstruction Protocol DICOM files were imported into 3D Slicer (http://www.slicer. org) 19 for three-dimensional (3D) model reconstruction. Threshold-based segmentation techniques were used to isolate bushing geometries (see Supporting Information Appendix SA), and 3D models were created using a built-in marching cubes algorithm followed by Laplacian smoothing (20%) and decimation. Models were saved in the visualization toolkit (VTK) triangle mesh format. 
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Specimen Identification and Measurements
Measurements of humeral bushings were performed on 3D models automatically using custom MATLAB (MathWorks, Natick, MA) scripts, in 12 cross-sectional slices revolved around the axis of symmetry of each bushing. Measurements included the total length (L), outer diameter (OD), inner diameter (ID), and flange outer diameter (FOD) (Fig. 3) . Furthermore, the thickness of the flange-region was measured at five evenly spaced radial intervals (t 1 -t 5 ) between the OD and FOD, which is the primary damage zone of these bushings. Bushings were categorized by size and generation based on L and t, with baseline dimensions provided by the manufacturer. Thinning (d) was defined as the average thickness loss of the flange region, based on assumed baseline dimensions. This thinning represents the combined action of several mechanisms, including wear and plastic deformation. The custom measurement script also compared the relative flange thickness across the radial intervals in order to calculate the thinning angle (a), where a negative a indicates the flange gets thinner toward the outer radial periphery. The average d and a was calculated for each bushing considering all 12 slices. Bushings were also assigned overall qualitative damage scores (g) between 0 (no visible damage) and 10 (severe damage; flange destroyed) based on assessment of the reconstructed 3D models by five observers. An intra-class correlation coefficient (ICC) of 0.86 (0.80-0.91 95%CI, p < 0.001) indicated high inter-observer reliability.
Statistical Analyses
Differences in d, a, g, and w between the retrieved Assembled (n ¼ 15 sets) and Detached (n ¼ 10 sets) and in vitro High JRF (n ¼ 3 sets) and High VM Loading (n ¼ 3 sets) bushing groups were identified using two-tailed t-tests (all samples assumed heteroscedastic). Furthermore, paired t-tests were used to compare d, a, g, and w of the medial versus lateral bushings of each implant. For the detached bushings, where medial or lateral placement could not be determined, the more thinned bushing was compared with its less thinned counterpart instead. For all t-tests, a Bonferroni correction was applied to p-values to account for multiple tests (34 in total). Additional t-tests considering only retrieved bushings were performed to determine if d, a, or g were different for male versus female patients, and Pearson correlation coefficients were calculated to measure possible correlations between d, a, or g with BMI, LOI, and age at revision.
RESULTS
Retrievals
All statistical comparisons of retrieved bushings are summarized in Table 2 . Considering retrieved bushing sets, thinning (d) was 0.0-0.6 mm (95%CI) greater (worse) in the detached bushing set when compared to the assembled bushings set (0.6 AE 0.3 mm vs. 0.3 AE 0.3 mm, p ¼ 0.02) (Fig. 4) . Qualitative damage scores (g) were also 1-5 higher (worse) for the detached bushings (7 AE 2 vs. 3 AE 2, p < 0.001) (Fig. 5) . The thinning angles (a), however, were not significantly different (Fig. 6) .
In the assembled bushings set, the medial and lateral bushings did not differ in terms of d or g, and there was a trend toward larger negative average a on 
4). In the detached bushing set, d
tended to be greater and a tended to be more negative for the more thinned bushings, but differences were not statistically significant (p ¼ 1). There were also no significant differences in g.
Comparing retrievals from males versus females (Table 3) ; male retrievals tended to have greater d, and a significantly more positive a (by 0˚-11˚, p ¼ 0.04). There was a moderate positive correlation of d with LOI (r ¼ 0.66, p ¼ 0.04, n ¼ 10), and a with BMI (r ¼ 0.68, p ¼ 0.02, n ¼ 11).
In Vitro Test Specimens
All six bushing sets subjected to 200,000 cycles of the High JRF or High VM loading protocols completed these tests without any evidence of metal-on-metal contact or failure/disengagement of the locking pin (which had been observed during pilot testing; see Discussion section). The damaged bushings shown in Figure 7 are representative specimens from either group. It should be noted that the radial periphery of lateral bushings subjected to the High VM loading protocol were extremely thinned, and large pieces of UHMWPE appeared to have broken off from these bushings.
All statistical comparisons of in vitro test specimens are shown in Table 4 . Thinning (d) tended to be less for specimens subjected to High JRF loading as compared with High VM loading (0.2 AE 0.0 mm vs. 0.9 AE 0.3 mm, difference of À1.1 to À0.3 [95%CI], p ¼ 0.08). High VM loading tended to result in a greater g and an a which was more negative, but that trend was not consistent.
Considering bushings subjected to High JRF loading, the medial and lateral bushings did not differ in terms of d, a, or g. Significant differences were observed between medial and lateral bushings subjected to High VM loading. Compared with the medial bushing, d on the lateral bushing was larger Figure 8 , VV laxity remained relatively unchanged throughout the High JRF loading experiments, and was the same in the varus and valgus directions. During the High VM experiments, VV laxity steadily increased with the number of cycles, and was more valgus (a larger valgus rotation was necessary to generate the required moment).
Gravimetric Analysis of In Vitro Test Specimens
Average mass loss (w) for the medial humeral, lateral humeral, and ulnar bushing components subjected to either loading protocol are shown in Figure 9 , and statistical results are summarized in Table 4 . Average humeral w was 9.0 AE 1.0 mg under High JRF loading versus 8.0 AE 0.5 mg for High VM loading. The corresponding humeral bushing volumetric wear rates under these loads (assuming a conventional UHMWPE density of 0.945 g/cm 3 ) are 48 AE 5 and 43 AE 2 mm 3 /Mc, respectively. Average ulnar w was 34.0 AE 0.7 mg under High JRF loading versus 35.8 AE 3.8 mg for High VM loading. The corresponding ulnar bushing volumetric wear rates under these loads are 180 AE 4 and 189 AE 20 mm 3 /Mc, respectively. w was not different between the two loading protocols for humeral or ulnar bushings (p ¼ 1 for both). Furthermore, for either loading protocol, there were no statistically significant differences in medial versus lateral humeral bushing wear (p ¼ 1 for both).
DISCUSSION
The purpose of this study was twofold; first to quantify and characterize damage patterns on the humeral bushings of TER implants retrieved from failed implants, and second to perform in vitro durability testing of the same implant design with two different loading protocols to compare resulting damage patterns with those observed on retrievals.
In retrieved bushings, there was an increase in the extent of thinning (d) and qualitatively measured damage (g) on bushings which were detached from their humeral component. Detached bushings could more-often be the result of isolated bushing exchange in response to excessive premature damage, with wellfixed stem components which were not revised. On the other hand, if the entire humeral stem was removed, revision was likely due to some other mechanism, such as loosening or infection. Unfortunately, the available records are inadequate for fully recalling the specific details of the revision surgery. Although not statistically significant, the detached bushings group for which patient data was available tended to have longer implantations than the assembled bushings group, and we did observe a moderate positive correlation between LOI and d. A study by Throckmorton et al. 9 found that early revision (less than 5 years) was usually in response to infection, while intermediate revision (5-10 years) was more often due to bushing wear.
It is interesting to note that, in the assembled group, there was no difference in medial versus lateral bushings in terms of thinning or qualitative damage scores; however, the lateral bushings had a significantly steeper thinning angle (a). This pattern of damage suggests that, for these bushings, the elbow tended toward a more valgus angulation (as in the High VM set), which could be due to the types of elbow activities performed or implant alignment. As noted by other authors, malalignment of these implants reduces varus-valgus laxity, in-turn removing the theoretical advantage of the "sloppy hinge" mechanism and causing increased stresses on the polyethylene. 4, 20 This trend could not be confirmed in the detached bushings set, because the original placements of the bushings in the stem components were unknown.
Considering in vitro test specimens only, thinning for bushings subjected to High VM loading was much greater than that measured for bushings subjected to the High JRF loading protocol. This difference can be attributed to the increased VV torque applied during High VM, causing increased bushing edge loading and progressively greater valgus angulation (as shown in Fig. 8 ). The lateral bushings subjected to High VM loading experienced more thinning than their medial counterparts. This damage mechanism is also supported by the thinning angle measurements, which are generally steeper for the lateral bushings, while positive for the medial bushings.
Despite measurable differences in damage patterns on medial versus lateral bushings, and due to loading protocols, there were no statistically significant differences in mass loss. This is an important finding, because the High VM bushings experienced more thinning, and the lateral bushing was at greater risk of developing metal-on-metal contact as a result, despite the amount of UHMWPE mass loss being the same. A possible conclusion of this finding is that bushing damage and the possible development of UHMWPE wear debris-induced osteolysis are not necessarily correlated, and one situation may develop sooner (or without) the other. Thus, pre-clinical testing must be designed to investigate each of these factors independently. As noted by other authors, 5 these elbows should have frequent follow-up intervals and possibly bushing exchange, to avoid major component revision if metal-on-metal contact occurs.
Popoola et al. 12 recently reported in vitro volumetric wear rates of 9.8 AE 2.9 mm 3 /Mc (considering all three bushings) for this same implant system, with approximately 60% of that loss occurring on the ulnar bushing. The combined volumetric wear rates in our /Mc for High VM loading, with approximately 65% and 69% of this loss occurring at the ulnar bushing, respectively. The large difference in volumetric wear rates can be attributed, in part, to the differences in loading between the two studies. The JRF for our High JRF protocol was approximately 50% higher than the load applied in their study. More importantly, however, we applied varying VV moments in both of our protocols, whereas their protocol simply employed a constant 4.5˚varus offset. Thus, the actual VV moment crossing the articulation in their study would diminish after an initial "bedding in" period, whereas our implant would be subjected to higher moments, larger and larger VV angulations, and progressive damage to the bushing components. This is demonstrated in Figure 8 , which shows the VV laxity progressively increasing under both loading conditions; especially for the High VM protocol. Furthermore, our protocols would induce multidirectional counterface sliding at the articular surfaces of implants in this study, which is known to substantially increase wear rates of conventional UHMWPE 21, 22 ; Popoola et al.'s loading protocol would cause less damaging bidirectional counterface motions. Unfortunately, we were unable to collect and analyze wear debris particles generated during our study, and thus cannot comment on the size and shape distribution of these particles compared with other studies.
Similar to reports in the literature from other studies, our in vitro test specimens demonstrated higher amounts of ulnar bushing damage than the humeral bushings. Seitz 6 noted asymmetrical wearing of the ulnar bushing; and some photographs of damaged bushings retrieved in that study show overall asymmetrical damage patterns when comparing medial and lateral humeral bushings. This is similar to the patterns observed as a result of the High VM loading protocol used in the current study.
Snap-pin failure has been reported clinically for these devices. 23 None of the implants in our cohort failed in this manner. However, during pilot testing, three specimens were sequentially subjected to 200 K cycles of the High JRF loading, followed by 200 K cycles of High VM loading. Two of those implants experienced snap-pin failure during the High VM loading phase. The current study focuses on progressive wear and damage of the UHMWPE bushings, which would have been complicated if snap-pin failure had occurred, therefore, we adjusted our testing sequence to avoid this.
Our results do not suggest that one loading protocol is more accurate than the other in terms of yielding clinically relevant damage patterns. Compared to the detached bushings set, the High VM loading protocol provides a better match than the High JRF loading protocol as far as the amount of thinning. The High VM loading protocol causes edge loading which is more likely to lead to excessive humeral bushing thinning and eventually metal-on-metal contact. The High JRF loading protocol is less likely to cause this sort of edge loading; however, the larger compressive load may accelerate ulnar component thinning, which has been reported as another precursor to metal-onmetal wear in these implants. 4 We recommend preclinical testing which incorporates both loading protocols, which elicit different damage patterns, because of the increased potential to represent the spectrum of implant failure modes observed clinically.
This study has several limitations. One is the low number of samples included in the in vitro tests (n ¼ 3 for both protocols). Another limitation is the exclusion of ulnar bushings from comparisons with retrieved bushings. This was due to a small number of samples in the retrieval groups. While previous studies have reported on the amount and pattern of ulnar bushing damage for this implant design, [4] [5] [6] we opted to focus on the humeral bushings for which we had more complete data. The implantation history and cause for revision of retrievals in this study is incomplete, which limits our ability to accurately relate implant damage to possible risk factors. Another limitation related to our retrieval analysis is the reliance on 3D computer reconstructions, which means we are unable to comment on the oxidative state or presence of embedded third bodies in our specimens, nor can we separate shape changes due to creep and plastic deformation from material removal due to wear mechanisms.
In conclusion, this study sought to examine humeral bushing damage patterns from a set of retrieved TER implants, and perform in vitro testing with two different loading protocols to compare the resulting damage patterns. Based on the different failure modes that these different protocols can elicit, and the variety of damage patterns observed on clinical retrievals, we encourage pre-clinical durability testing of TER which considers both loading scenarios to provide more comprehensive screening of potential implant designs.
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